INTRODUCTION
Many flagellated bacteria such as Salmonella enterica, Escherichia coli, Serratia marscescens, Pseudomonas aeruginosa, and Bacillus subtilis use their flagella to move independently in a bulk medium, which is referred to as swimming, and to move collectively as a group over a surface which is referred to as swarming. 1 Unlike swimming, swarming is a distinct form of surface translocation exhibited by flagellated bacterial cells. When grown in semi-solid nutrient rich substrate such as agar, they differentiate from vegetative cells to swarm cells (commonly referred to as "swarmer" cells). Unlike the swimming motility which is exhibited by individual cell in aqueous bulk three-dimensional environment, swarming motility is a multicellular movement in a two-dimensional surface. 1 After differentiation, the cells become hyperflagellated, motile, and migrate cooperatively as a group resulting in the acquisition of more territory and increased resistance to antibiotics; thus, it has also been proposed that swarming serves as an advantageous evolutionary response of the bacteria to the dynamic environment. [1] [2] [3] For this study, Serratia marscescens was used as a model organism. It is a rod-shaped flagellated bacterium, which is usually ∼0.5-1 μm in diameter and 2 μm in length with one to two flagella. When cultured in a swarm plate, they differentiate into swarmer cells resulting in hyperflagellation peritrichously, and elongation of cells to ∼5-30 μm in length. This elongation is due to the linear chain (head-tail) attachment of multiple bacterial bodies. After differentiation into swarmer cells, the bacteria display swarming motility and move across the agar surface as coordinated packs. 1, 4 This collective behavior is not seen in isolated individuals, and a) mkim@coe.drexel.edu. Phys. Fluids 25, 011901 (2013) it arise from the dynamic self-assembly of densely packed populations of cells in a swarm colony. 5 Like swimming, swarming is also driven by the bacterial rotary motor. During swimming, the helical flagella (of length of ∼6-10 μm, and helix of 2.5 μm pitch and 0.5 μm diameter) rotate in the counterclockwise direction (CCW) at approximately 100 Hz to propel the cell forward, which is referred to as a "run" phase. The torque produced by the helical flagella is balanced by the viscous drag from the clockwise (CW) rotation of the cell body at approximately 10 Hz. Rotation of one or more motors in CW direction results in unraveling of the flagella, and the cells tumble in a random orientation, which eventually leads to random walk. It is believed that the direction of motor rotation could be biased by extracellular signals, including chemoattractants (e.g., sugars, amino acids, and dipeptides) and chemorepellents (e.g., phenol, Ni 2+ , and Co 2+ ). [5] [6] [7] [8] The swarming motility is similar to swimming in a sense that it is also flagella-dependent but there are many significant differences between these two forms of motility. It is widely accepted that the individual swarmer cells in a swarm colony do not exhibit the running and tumbling behavior, and are instead randomly reoriented by external collisions with other neighboring bacteria. 9 Initially, the individual swarmers are not motile, but as the population grows and crosses a threshold they start to show collective movement in search of new resources. The cells at the edge are arranged in a monolayer, and are relatively immobile, but the cells located directly behind the monolayer are among the most active cells in the colony. These cells typically form multilayers and as they move outward, they collide with the cells at the edge, resulting in exchange of their places that pushes the net population outward. 5, 10 An isolated individual swarmer cell of S. marcescens is also able to exhibit swimming motion when it is extracted from the solid surface of swarm plate and resuspended in an aqueous medium (motility buffer). This indicates that the motility of cells is largely based on their environment. So, it could be used to characterize the swimming dynamics and diffusive properties of swarmer cells in an aqueous environment and compare it to an undifferentiated swimmer cell. It is comparable because both of them (individual multi-body swarmer cells and individual normal cells) swim in a low Reynolds number regime where the viscous force is dominant, and their fundamental swimming mechanism is the same. Through this comparison, the benefits of this linear chain association of multiple cells in a swarmer could be investigated. Different analytical models have suggested that the swimming and swarming could be the result of the complex physical interactions between the individual bacterium. 10 But since most of the research on the swarming bacteria is focused on studying the dynamics of collective interactions of the bacterial cells, the mechanics of individual swarmer cells is poorly understood. This study is built upon a novel concept of characterizing individual cell rather than an ensemble. By using non-labeled single cell tracking method (without fluorescence labeling or microspheres tracers), the swimming mechanics of individual swarmer cells was studied. This method is advantageous compared to labeling techniques because there is always a possibility that labeling could interfere with the natural behavior of the bacteria. Using phase-contrast microscopy in conjunction with high-speed camera, videos of the bacteria exhibiting active swimming were captured and sequentially analyzed by using image processing technique. One of the important aspects of this study was that the cellular motility was studied in two-dimensional space by selective filtration of the data. Bacteria that changed depth constantly and went in and out of focus were ignored. So as shown in Figure 1 , only the bacteria swimming at the constant depth in two-dimensions were evaluated. Tracking the bacterial cells at constant depth allowed us to study the swimming behavior of swarmers in two-dimensional space.
The parameters such as body lengths, linear and angular displacements, linear and angular velocities, orientations, etc., were characterized and compared to individual undifferentiated swimming cells. This kind of single cell tracking technique could be a powerful tool to study the dynamics of biological systems because single particle tracking measures the individual dynamics, instead of an ensemble average. 11 The focus of this research is to gain an understanding of individual cell dynamics, which might have applications in different fields such as the optimization of micro and nano scale structures at low Reynolds number, design, and fabrication of microrobots for drug-delivery devices, etc. 
METHODS

Cell culture and data acquisition
The swarm plate to grow swarmer cells was prepared by dissolving 10 g of Difco Bacto tryptone, 5 g of yeast extract, 5 g of NaCl, and 6 g of Difco Bacto agar into 1000 ml of deionized water to prepare 0.6% agar plates. It was followed by autoclaving the solution and dividing into 100 ml sterile bottles, which were allowed to solidify, and were stored at room temperature. An individual swarm plate was made by re-liquefying 100 ml of prepared agar solution using a microwave on the lowest power setting. It was mixed with 2 ml of 25% glucose solution. The new agar solution was pipetted into a 35 mm Petri dish, and was allowed to cool at room temperature so that it re-solidified. Then the swarm plate was inoculated on one edge with 2 μl of S. marcescens saturated culture. Agar plates were incubated at 30
• -34
• , and swarming begins within 8-16 h, which is marked by the appearance of pinkish color. As the swarm progresses across the plate, irregular concentric rings appear in which most active bacteria are along the outermost edge of the swarm (as shown in Figure 2 (a)). 10 Due to the high density of individual bacteria at close proximity, the cells were diluted to about 10 −4 in motility medium. Using a pipette, about 10-20 μl of motility medium (0.01 M Potassium Phosphate buffer, 0.067 M Sodium Chloride, 10 −4 EDTA, pH 7.5) was dropped in the area with the most active bacteria. After a few minutes, it was extracted and transferred to a test tube containing 1000 ml of motility medium and gently mixed. 1 A drop of the solution was put on one of the glass slide and covered with another cover slip carefully such that no air bubbles were trapped. Using a blotting paper and scotch tape, the slides were mounted in the microscope. A phase-contrast microscope (Am Scope) equipped with a 100× objective, and a high speed camera (IDT, model X3M-D-4) were used to take videos (30 frames/s for 2, 3, and 4 body swarmers, and 100 frames/s for 1 body cells) in order to capture the minute motions of the bacterial cells, which were later imported into MATLAB for analysis. The videos of multi-body swarmers were captured at 30 frames/s because the change in the orientation was not as rapid and random as compared to single-body cells. Since the single-body cells exhibited rapid change in their orientation, the higher frame rate was used.
Cell tracking
The first step in the image processing was identifying of the number of cell-body (e.g., 2 body or 3-body) of the swarmer cell. This was achieved by using image processing tools in MATLAB. Using the images captured from the high-speed camera, the pixel area and the aspect ratio φ (major axis/minor axis) was calculated. The swarmers are rod-shaped and have a "head-tail" form of linear attachment. Since the minor axis is assumed to be constant (due to the same diameter of cells) and the cell-body number is a discrete number (1, 2, 3, etc.), the value of the aspect ratio could easily identify the cell-body length. For this study 2, 3, and 4-body swarmer cells were taken into consideration and the rest were discarded because as the number of cell-body increases, the angle of orientation of the cell at a particular frame is harder to determine.
Once the cell-body length was identified, the targeted cell was tracked over a time period of about ∼2 s. The tracking process involves detection of the object on the scene followed by matching the objects through time sequences. Since the cell is being tracked in two-dimensional plane, any movement in the z-plane would result in change in the image obtained from the microscope. In order to alleviate this problem, region-based tracking (RBT) algorithm was used. The RBT method uses the intensity of the object in order to track the object. The image obtained from the microscope is first converted to a binary image (black and white) by using a threshold value (detected by random trial and error) so that the background noise is minimized as shown in Figures 3(a) and 3(b) . By choosing a maximum and minimum value of the object's pixel area, any undesired object bigger or smaller than the bacterial cell can be easily eliminated from the frame. Once this is achieved the position is calculated by finding the center of mass of the cell using the centroid, and the angle of orientation (θ ) is determined from the angle between major axis of an imaginary ellipse around the bacterial cell and the reference x-axis of global co-ordinate frame. This is calculated for all frames to establish the position and orientation at each frame within the video sequence. The center of mass is defined as
where x c and y c are the centroids in Cartesian plane, and A is the total area. The same process is carried out for each frames and the ultimately their motion trajectory is generated. Matching process involves an assumption that two objects (at time t and t + t) are same if they are located very close to each other in any two corresponding frames. This is also facilitated by the fact that most of the noisy data would have already been eliminated by limiting the pixel area value. But it is not completely error-proof as sometimes another wandering bacterial cell could overlap in the trajectory of the desired cell. In that case, the algorithm generates two different values for the positions and orientations, and by using the previous frame as a reference it chooses the closest object based on the displacement and angular displacement in order to effectively minimize error. For this study, this error was also minimized by the experimental procedure because these experiments were conducted at sufficient dilution resulting in low density of cells and decreasing the probability of such overlaps in the trajectory. Hence, within the investigation region, the cell could be tracked individually in two-dimensional surface as shown in Figures 3(d) and 3(e) . Once the position (x c ,y c ) and orientation (θ ) for each frame were determined, all other parameters such as displacements, velocity, angular velocity, etc., were calculated by using the inter-frame time period ( t). The linear displacement between two consecutive frames can expressed as d = δ|x (t n ) − x (t n−1 ) | 2 + δ|y (t n ) − y (t n−1 ) | 2 , and the velocity can be expressed as v = | d| | t| . Similarly, the angular displacement, which is the net change of angle of orientation between two successive frames, is expressed as | θ | = θ (t n ) − θ (t n−1 ), and the angular velocity is expressed as ω =
. If |θ | = 0, the bacterium moves forward in a perfect straight line between two consecutive frames. Finally, the data were averaged for the population. Due to the limitation of the view field area under the microscope, and the amount of data captured, the time of tracking analysis was limited to a practical upper limit of ∼2 s.
RESULTS AND DISCUSSION
Once the bacteria were tracked and their trajectory was obtained using the algorithm, qualitative visual observation was made for confirmation. Each bacterium exhibited fluctuation in their velocities and orientations but after averaging of a large number of data, certain trends were found. When an individual multi-body swarmer cell is introduced into the motility buffer, it starts to swim actively without tumbles. It has been suggested that the absence of tumbles could be due to the motors biased to only turn CCW. This results in an active and prolonged swim in which the bacterial cells move forward for longer distances with relatively smooth trajectories. This phenomenon is commonly referred to as "smooth swimming." 13 In absence of tumbles, the swarmers showed active runs, however their trajectories was not straight and uniform. In addition to their innate propulsion, the motion of bacteria is also subjected to Brownian disturbances, hence the bacteria are unable to maintain straight trajectories. So, even during an active run, the cell moves forward but the path is not a straight line (as shown in Figures 4(b)-4(e) ). It can be analogous to self-propelled active Brownian ellipsoid in which the motility is both characterized by translational and rotational diffusion.
For an isolated prolate spheroid of long axis length of 2a and short axis length of 2b, the translational diffusion is anisotropic and the diffusion coefficients are described by equations D a = kT/γ a along the long axis and D b = kT/γ b along the short axis. The rotational diffusion coefficient along the short axis is given as D θ = kT/γ θ . It was found that the ratio of D a /D b varied from 1 to 2 as the aspect ratio (φ = a/b) varied from 1 to infinity.
14 The multi-body swarmers in absence of tumbling have self-propulsion and their overall diffusion coefficient is higher than an isolated nonmotile rod of the same dimension. So, the swarmer's orientation is influenced by the combination of translational and rotational diffusion. At large scales, all self-propelled active swimmers perform random walk. 15 From the obtained datasets of the trajectories, the average displacement per frame was calculated to be 0.26 (±0.08) μm for 1-body individual bacteria (tracked at 100 frames/s), while it was 1.21 (±0.22) μm for 2-body swarmer, 1.22 (±0. 19 As shown in Figure 5 (a), the average velocity was higher for multi-body swarmer cells as compared to single-body cells. The effect of Brownian motion decreases as the cell size increases. 15 So, the multi-body swarmer cells have an advantage due to the increased cell size as compared to singlebody individual cell resulting in less translational and rotational diffusion. However, there was not appreciable difference in linear velocity between 2, 3, and 4-body swarmer cells. This could be due the fact that (as mentioned above) as the aspect ratio for a prolate spheroid increases from 1 to infinity, the ratio of the diffusivity in the long axis to the short axis only increases from 1 to 2.
The swimming bacteria in absence of bias perform random walks, which are uncorrelated. Visual observation under microscope and video recordings indicated randomness in both the single-body cells and multiple-body swarmer cells. Since the change in direction was due to self-propulsion and Brownian diffusion, the direction of motion was completely uncorrelated without any directional preference. Although no directional correlation existed, the frequency and magnitude of change in orientation were higher in single-body cells as compared to multi-body swarmers. This was later confirmed by the calculation of the angular displacements and angular velocity. Although the magnitude of change in angular orientation is unpredictable and random, the maximum possible magnitude of angular displacement was much higher for the single-body bacterium because it also had "tumbling" movement in addition to the Brownian diffusion effects. The angular displacement per frame was calculated to be 33.37 (±11.99) radian for 1-body swarmer (tracked at 100 frames/s), while it was calculated to be 13.49 (±9.67) radian for 2-body swarmer, 10.42 (±5.35) radian for 3-body swarmer, and 8.27 (±3.71) radian for 4-body swarmer (tracked at 30 frames/s). For comparison, the rate of angular orientation (angular velocity) was calculated. The average angular Figure 5 (b), the average angular velocity was significantly higher in single-body cells and compared to multi-body swarmer cells. This result suggests that multi-body swarmer cells have slightly higher linear velocity and significantly less angular velocity as compared to single-body cell. The Brownian rotational diffusion scales inversely with the cube of cell size. 16 So, the larger and longer swarmer have lesser rotational diffusion and lesser angular velocity. Bacteria live at low Reynolds number regime, which is defined by the equation
where ρ = density, μ = viscosity, U = velocity, and L = characteristics length. In low Reynolds regime, inertia plays a little role as the viscous forces become dominant. So, the momentum imparted to the fluid has no effect due to the relatively large viscous damping. Hence, a bacterial cell swimming at low Reynolds number is force and torque free. 17 The bacterium changes its direction due to the rotation of flagellar motors in CW and CCW direction that results in "run and tumble." It is widely known that the swarming behavior is also accompanied by the hyperflagellation and synchrony of the flagellar filaments of the cells (attached to each other). The swarmer cells are also known to back up and keep the filaments close to all sides of the cell body. 18 Having a multi-body structure could utilize increased number of flagella to have a more efficient and robust motion with lesser deviations.
Bacterial motion in an absence of chemotaxis is usually described as a purely diffusive process. To analyze the propulsion, it is necessary to take the thermal fluctuation and flagellar propulsion into account. The mean square displacement (MSD) was calculated, which is the measure of average distance traveled by a body in a fluid environment. The diffusion process could be described by the equation:
is embedding spatial dimension, and α is a constant. In the logarithmic form, the equation takes the following form: log ( r 2 ) = α.log (t) + log(D). The value of constant α was calculated individually and averaged out. The logarithmic plot of the averaged mean square displacements (MSD) of multi-body swarmers (2, 3, and 4), and single-body swarmer were plotted against the time as shown in Figure 6 .
The parameter alpha (α) determines the diffusive properties. It was found that at very short time (t < 0.5 s), the value of α ≈ 2 for the multi-body swarmers and one-body cells. For any self-propelled particles moving at constant speed, there exists two different scaling regimes where (r 2 (t)) ∝ t 2 at short times in ballistic, and (r 2 (t)) ∝ t at long times in diffusion. Between these regimes, there is a crossover time at τ where the transition from ballistic to diffusion takes place. 19 So for the short period of time, the motion was ballistic. However, as the time increased 0.5 < t < ∼2 s, α was calculated to be 1.6 for 1-body swarmer and ≈2 for multi-body swarmer, which still closely resembled ballistic motion. The data trend showed that with increase in time period the single-body cells might have started to deviate towards normal diffusion, which was characterized by slight decrease in the value of α. For multi-body swarmer cells, which were biased to swim without tumbles, this trend was not seen or could have been slower. This is in agreement with the results mentioned above due to the fact that the magnitude of angular velocity is much larger and the linear velocity is smaller in single-body cells as compared to multi-body swarmer. The single-body cells constantly deviated from their path due to the diffusion in the fluidic environment as well as the tumbling behavior while the multi-body swarmer cells were changing their direction due to diffusion only. Having a greater change in angular orientation results in the greater probability of the cell canceling the overall displacement from the initial starting position resulting in less diffusivity over a distance. Also, the linear velocity is lesser for single-body cells so the average displacement in a given amount of time would also be lesser than that of multi-body swarmers resulting in lesser magnitude of the root mean square displacement.
CONCLUSION
In this paper, we showed that it is possible for a swarmer cell to swim in an aqueous environment, and we explored the variation in mechanics of multi-body swarmers and compared it to single-body individual bacteria. We found out that the ballistic regime existed when the multi-body swarmers and single-body bacterial cells were tracked over for short period of time. If the swarmer is broadly classified as single body and multi-body, this study suggests having a multi-body swarmers have certain advantages over the undifferentiated bacterial cells in low Reynolds's number regime such as faster speed and better angular stability. As the swarmer cells join each other in head-tail fashion, the characteristics length increases due to the added mass, and the magnitude of the Reynolds number is higher for multi-body swarmer cells. For a bacterium to propel forward in low Reynolds number regime, it needs to overcome the viscous fluid surrounding the cell. However, as the size increases the effect of Brownian disturbances decreases, and the swarmer cells could use their multi-body structure for better angular stability and higher energy production. In the emerging field of microbiorobotics, a multi-body swarmer could serve as a model organism in further experimental analysis of selfpropelled active Brownian rods, because being a biological system, it has already been optimized by the process of evolution and natural selection, and it is easily available. This work adds to the general understanding of the swimming behavior of swarmers, and shows a methodology of analysis using single particle tracking (SPT) technique. With the recent emergence of three-dimensional tracking technology and image processing techniques, it is definitely possible to further analyze and understand this interesting phenomenon of nature.
